p38 mitogen-activated protein kinase (MAPK) regulates cytokines in arthritis and is, in turn, regulated by MAPK kinase (MKK) 3 and MKK6. To modulate p38 function but potentially minimize toxicity, we evaluated the utility of targeting MKK3 by using MKK3 ؊/؊ mice. These studies showed that TNF-␣ increased phosphorylation of p38 in WT cultured synoviocytes but that p38 activation, IL-1␤, and IL-6 expression were markedly lower in MKK3 ؊/؊ synoviocytes. In contrast, IL-1␤ or LPS-stimulated p38 phosphorylation and IL-6 production by MKK3 ؊/؊ synoviocytes were normal. Detailed signaling studies showed that NF-B also contributes to IL-6 production and that TNF-␣-induced NF-B activation is MKK3-dependent. In contrast, LPS-mediated activation of NF-B does not require MKK3. To determine whether this dichotomy occurs in vivo, two inflammation models were studied. In K͞BxN passive arthritis, the severity of arthritis was dramatically lower in MKK3 ؊/؊ mice. Phospho-p38, phospho-MAPK activator protein kinase 2, IL-1␤, CXC ligand 1, IL-6, and matrix metalloproteinase (MMP) 3 levels in the joints of MKK3 ؊/؊ mice were significantly lower than in controls. Exogenous IL-1␤ administered during the first 4 days of the passive model restored arthritis to the same severity as in WT mice. In the second model, IL-6 production after systemic LPS administration was similar in WT and MKK3 ؊/؊ mice. Therefore, selective MKK3 deficiency can suppress inflammatory arthritis and cytokine production while Toll-like receptor 4-mediated host defense remains intact.
T he mitogen-activated protein kinases (MAPKs) are signal transduction enzymes that integrate cellular responses to the environmental stresses. The pathways include parallel and interacting cascades that are initiated by activation of upstream MAPK kinase (MKK) kinases, which, in turn, activate MKKs. These enzymes then phosphorylate the three main MAPK families, extracellular signal-regulated kinase (ERK), c-Jun Nterminal kinase (JNK), and p38 MAPK. In addition to participating in many normal host functions, the MAPKs have been implicated in inflammatory diseases (1) . p38, in particular, is thought to play a role in rheumatoid arthritis (RA). It is expressed and activated in the rheumatoid synovial intimal lining (2) , and p38 inhibitors are effective in rodent models of arthritis (3) . Therefore, p38 could serve as a therapeutic target (4, 5) . Inhibition of this kinase in humans has been complicated by several problems, such as hepatotoxicity and skin rash (6) . Additional concerns related to impaired resistance to infection have been raised with p38 inhibitors because of effects on host defense, including suppression of neutrophil killing and enhanced colony counts in bacterial infections (7, 8) .
An alternative approach is to target upstream MKKs, such as MKK3 or MKK6, which could potentially regulate some p38 functions while leaving others intact. MKK3 and MKK6 are two closely related kinases that phosphorylate p38 at the Thr-GlyTyr site but do not activate ERK1͞2 or JNK (9, 10) . MKK4 is a JNK-activating kinase but is also able to phosphorylate p38 when it is overexpressed (11) . The hierarchy of MKK3 and MKK6 varies considerably depending on the cell lineage and the type of environmental stimulus (12) , raising the possibility that one could block an upstream kinase that will have an impact on only a subset of functions that are relevant to disease while leaving other p38-mediated responses intact.
We previously demonstrated that both MKK3 and MKK6 can phosphorylate p38 in cultured fibroblast-like synoviocytes (FLS) and are activated in RA synovium (13) . The relative contributions of these two kinases to p38 activation in synoviocytes have also been examined by using dominant negative (DN) MKK3 and MKK6 constructs (14) . Among the different MKK subtypes, these data suggested that MKK3 might play a more prominent role in p38-mediated cytokine and MMP expression in FLS. The present study was performed to determine the hierarchy of the p38 MAP kinases in arthritis and assess the potential for MKK3 as a therapeutic target. These experiments demonstrate that MKK3 deficiency markedly decreases synovial inflammation in the passive K͞BxN model of arthritis, in part through defective IL-1␤ expression, while still permitting normal responses to LPS through a NF-B-dependent mechanism.
Results

MAPK Signaling in TNF-␣-Activated FLS.
Expression of phosphop38, phospho-JNK, and phospho-ERK in medium and TNF-␣-stimulated cells was initially determined by Western blot analysis. TNF-␣ increased phosphorylation of p38 in the WT cells in a dose-dependent fashion, with maximum activation occurring at Ϸ10 ng͞ml (data not shown). JNK and ERK phosphorylation were normal in MKK3 Ϫ/Ϫ FLS, although phosphorylation of p38 was significantly lower in MKK3 Ϫ/Ϫ cells (66% inhibition compared with WT; P Ͻ 0.05, n ϭ 3) (Fig. 1A) . In vitro kinase assays on WT and MKK3 Ϫ/Ϫ FLS lysates were then performed by using GST-activating transcription factor (ATF) 2 as the substrate. As shown in Fig. 1B , marked increases of kinase activity were observed in TNF-␣-stimulated FLS. Kinase activity was significantly lower in MKK3 Ϫ/Ϫ cells compared with WT cells (42% inhibition; P Ͻ 0.05, n ϭ 3).
MKK3-Dependent IL-6 and IL-1␤ Production After TNF-␣ Stimulation.
To determine whether MKK3 regulates production of p38-driven cytokines in FLS, WT and MKK3 Ϫ/Ϫ cells were treated with medium or TNF-␣, and culture supernatants were collected after 24 h. As shown in Fig. 2A , TNF-␣ significantly increased IL-6 production by WT FLS. However, IL-6 production by the MKK3 Ϫ/Ϫ FLS after TNF-␣ stimulation was markedly lower than by WT cells (P Ͻ 0.01). The p38 inhibitor SB203580 (10 M) also blocked IL-6 production by the WT cells, confirming p38 dependence of the TNF-␣ pathway. SB203580 further decreased IL-6 production in the MKK3 Ϫ/Ϫ cells, suggesting that a small amount of residual p38 activation might still contribute. Quantitative real-time PCR showed that TNF-␣-induced IL-6 mRNA accumulation was inhibited in the MKK3-deficient cells ( To determine the effect of MKK3 deficiency on TLR4-dependent innate immune responses, we examined the contribution of MKK3 to LPS-induced cytokine production by FLS. As shown in Fig. 2C , LPS-induced IL-6 protein production from MKK3 Ϫ/Ϫ FLS was similar to WT FLS and was blocked by SB203580. Similar results were obtained by using another selective p38 inhibitor, SB202190 (data not shown). In addition, p38␣ small interfering RNA (siRNA) knock-down also inhibited LPS-and TNF-␣-induced IL-6 production (Fig. 2D) . LPS-induced IL-1␤ mRNA expression was also similar in WT and MKK3 Ϫ/Ϫ FLS (IL-1␤͞hypoxanthine phosphoribosyltransferase mRNA induction was 5.9 Ϯ 0.4-fold Cell lysates were immunoprecipitated with anti-p38, and kinase activity was measured, using GST-ATF-2 as the substrate (n ϭ 3). Effect of p38␣ siRNA knock-down. FLS were transfected with either p38␣ siRNA or scrambled control (sc) and stimulated with TNF-␣ or LPS, and supernatants were assayed for IL-6 by ELISA (n ϭ 4). Knock-down was confirmed by Western blot analysis (not shown). siRNA blocked IL-6 production, although the presence of other p38 isoforms or small amounts of residual p38␣ could still affect the results. (E) IL-1␤-induced IL-6 levels were not changed in WT and MKK3 Ϫ/Ϫ FLS. However, both are blocked by SB203580 (10 mM). * , P Ͻ 0.05; ** , P Ͻ 0.01 compared with WT, TNF-␣, IL-1␤, or LPS control.
(F) Cultured FLS from WT and MKK3 Ϫ/Ϫ mice were stimulated with TNF-␣ or LPS for 15 min. Western blot analysis was performed to evaluate p38 activation. TNF-␣ was a more potent inducer of phospho-p38 than LPS in WT FLS. However, LPS-stimulated p38 phosphorylation was independent of MKK3. and 4.7 Ϯ 1.6-fold, respectively; P Ͼ 0.10). As shown in Fig. 2E , MKK3 deficiency had no effect on IL-1␤-induced IL-6 production, which is consistent with similarity between LPS and IL-1 signaling pathways (15) .
Activation of p38 by LPS in MKK3 ؊/؊ FLS. Because of the differential effects of TNF-␣ and LPS in the MKK3
Ϫ/Ϫ FLS, we examined the ability of each ligand to activate p38. Fig. 2F shows that TNF-␣ is a more potent inducer of p38 phosphorylation than LPS in WT FLS. In MKK3 Ϫ/Ϫ FLS, however, TNF-␣ was much less effective compared with WT FLS. Although LPS was less potent in the WT cells, there was no difference in p38 activation between WT and MKK3 Ϫ/Ϫ FLS. Therefore, unlike TNF-␣, LPS-mediated p38 phosphorylation is independent of MKK3.
Activation of NF-B by LPS and TNF-␣ in MKK3
؊/؊ FLS. The observation that LPS is a less potent activator of p38 ( Fig. 2F) suggests that another pathway might also contribute to the high IL-6 production despite modest LPS-induced phospho-p38 levels. To evaluate a potential role for NF-B, which has been implicated in IL-6 regulation by FLS, WT and MKK3 Ϫ/Ϫ cells were stimulated with LPS or TNF-␣ for 1 h, and EMSAs were performed. As shown in Fig. 3A , NF-B activation was robust in both TNF-␣-and LPS-stimulated WT FLS. However, LPS stimulation in MKK3 Ϫ/Ϫ cells had normal NF-B responses, whereas MKK3 deficiency significantly decreased TNF-␣-mediated NF-B activation (63% inhibition; P Ͻ 0.01, n ϭ 3). For comparison, activator protein 1 activation was not affected by the MKK3 status of cells (Fig. 3B) . These data suggest that NF-B is not only required for IL-6 but also that it might account for the ability of LPS to overcome limited p38 activation in WT and MKK3 Ϫ/Ϫ FLS. To prove the role of NF-B, WT and MKK3 Ϫ/Ϫ FLS were infected with an IB kinase (IKK) 2 DN adenovirus. As shown in Fig. 3C , LPS-induced IL-6 production was blocked by IKK2 DN treatment in both WT and MKK3 Ϫ/Ϫ FLS.
Role of MKK3 in Passive K͞BxN Arthritis. Because p38 activation and cytokine production in TNF-␣-stimulated FLS depend on MKK3, passive K͞BxN arthritis was studied in WT and MKK3 Ϫ/Ϫ mice. The severity of arthritis was dramatically lower in the MKK3 Ϫ/Ϫ mice (Fig. 4A) . Histopathological analysis showed markedly reduced inflammatory cell infiltration and joint destruction in MKK3 Ϫ/Ϫ mice (histologic scores were 0.43 Ϯ 0.28 and 6.0 Ϯ 0.65 for MKK3 Ϫ/Ϫ and WT, respectively; P Ͻ 0.01) (see Fig. 4B for representative sections) . Western blot analysis of the joint extracts showed that phospho-p38 and phospho-MAPK activator protein kinase (APK) 2 induction was significantly inhibited in MKK3 Ϫ/Ϫ mice (P Ͻ 0.01; Fig. 4D ), as were joint levels of IL-6 and MMP-3 at the conclusion of the experiment (P Ͻ 0.05; Fig. 4C ). Because the mechanisms of disease initiation could be distinct from chronic inflammation, we also looked at relevant mediators 2 days after the second serum injection. CXC ligand 1 and IL-1␤ expression were suppressed in early arthritis (P Ͻ 0.05; Fig. 4E ). Because the passive K͞BxN model is IL-1-dependent (16, 17) , we determined whether administration of exogenous IL-1 restores arthritis severity in the MKK3 Ϫ/Ϫ mice. As shown in Fig. 4F , IL-1␤ treatment led to arthritis severity that was identical to WT mice in the early phases of the disease. Arthritis rapidly decreased to control levels after the IL-1␤ was discontinued.
Role of MKK3 in LPS-Induced Cytokine Production in Vivo.
In vitro studies suggested that activation of TLR4 did not require MKK3 for IL-6 expression. Therefore, WT and MKK3 Ϫ/Ϫ mice were administered LPS, and cytokine levels in the serum were determined. IL-6 levels in the MKK3 Ϫ/Ϫ mice were only slightly lower than in WT mice, demonstrating that the TLR4-mediated innate immune responses are largely intact in vivo. In contrast, pretreatment with SB203580 (50 mg͞kg) blocked LPS-stimulated cytokine production (Fig. 5) .
Discussion
RA is a chronic inflammatory disease marked by synovial hyperplasia and local invasion into the extracellular matrix. Synovitis is mediated, in part, by cytokines that activate a broad array of cell signaling mechanisms and lead to the release of destructive enzymes (18) . MAPKs are especially important because they control the production of cytokines such as IL-1, IL-6, IL-8, and MMPs that participate in destruction of the extracellular matrix. The three MAPK families, ERK, JNK, and p38, modulate gene expression by phosphorylating numerous key transcription factors, such as activator protein 1 and ATF-1͞2, as well as the downstream kinase MAPKAPK-2 (1, 19) .
Several MAPK members are activated in the rheumatoid synovium and have been implicated in the pathogenesis of RA. Among them, p38 is thought to be crucial because selective p38 inhibitors block joint inflammation and destruction in several animal models of arthritis (3) . Of the p38 isoforms, p38␣ is particularly relevant for cytokine regulation in macrophages and is blocked by pyridinylimidazole compounds, such as SB203580, which compete for the ATP-binding pocket (20) . Phospho-p38␣ is present in rheumatoid synovial blood vessels, perivascular mononuclear cell infiltrates, and the intimal lining (2) . p38␦ is also activated in RA, especially at sites of synovial invasion into the extracellular matrix (21) .
The two main upstream kinases that regulate p38, MKK3 and MKK6, are also expressed and activated in RA synovium, especially in the intimal lining FLS (13) . Using DNA constructs, we showed that both MKK3 and MKK6 contribute to p38 phosphorylation in cytokine-stimulated FLS (14) . However, MKK3 blockade more effectively inhibited p38-mediated induction of IL-6, IL-8, and MMP-3. p38 can also serve as a substrate for a third MKK, MKK4, which is normally considered a JNK kinase. However, siRNA knock-down studies suggest that MKK4 does not play a significant role in p38 activation or IL-6 production in FLS after exposure to TNF-␣ (data not shown). These data suggest that MKK3 might be the dominant MKK that controls p38 in FLS after TNF-␣ stimulation.
To test this hypothesis, we evaluated p38 function in cultured FLS from MKK3 Ϫ/Ϫ mice. These studies showed that p38 requires MKK3 in primary murine FLS for normal phosphorylation after TNF-␣ stimulation. In contrast, MKK3 deficiency had no effect on JNK or ERK activation. Although p38 phosphorylation was modestly decreased in MKK3 Ϫ/Ϫ FLS, much more profound suppression of IL-6 production was observed. The impact of MKK3 deficiency on IL-6 production was mimicked by SB203580 or p38␣ knock-down in WT cells and is similar to MKK3 Ϫ/Ϫ murine embryonic fibroblasts (22) . FLS are also a primary source of IL-6 in RA synovium (23); these studies suggest that selective MKK3 blockade might effectively modulate the cytokine profile in inflammatory arthritis. The mechanism of IL-6 inhibition is complex and can be caused by changes in transcriptional, translational, and mRNA stability effects as previously demonstrated for p38 in cultured FLS (24) .
The possibility that TLR responses or other pathways to p38 activation and cytokine production remain intact despite MKK3 deficiency was tested in vitro. First, the TLR4 ligand LPS was used to stimulate the murine FLS to assess cytokine production. Even though LPS is not a particularly potent inducer of phosphop38 compared with TNF-␣, the absence of MKK3 had no effect on its ability to activate p38. Surprisingly, MKK3 plays no role in this pathway, even though TNF-␣-mediated IL-6 production is almost completely dependent on this kinase. Similarly, IL-1␤ stimulation, which shares signaling pathways with TLR4 (15), also was MKK3-independent. Of particular interest, SB203580 blocked LPS as well as IL-1␤-induced IL-6 production, suggesting that p38 activation still participates through other upstream kinases.
The relatively low level of phospho-p38 after LPS stimulation compared with TNF-␣ also suggested that the TLR ligand might activate alternative pathways that contribute to IL-6 production. NF-B is an attractive candidate because it can induce IL-6 expression in cultured FLS (25) . Both LPS and TNF-␣ increased NF-B binding in FLS, but MKK3 Ϫ/Ϫ cells had a significant defect in NF-B activation only after TNF-␣ stimulation. Therefore, both MKK3 and p38 are required for full NF-B activation after TNF receptor ligation, but MKK3 plays no role in NF-B activation induced by LPS. The requirement for NF-B in LPS-mediated cytokine expression was confirmed by using a DN IKK2 construct, which significantly decreased IL-6 production.
These data suggest that LPS-induced IL-6 production depends on NF-B and p38, without a contribution from MKK3. TNF-␣-induced IL-6 production requires NF-B, MKK3, and p38. Furthermore, NF-B induction by TNF-␣ also requires MKK3, and, as a result, NF-B cannot rescue IL-6 production in MKK3 Ϫ/Ϫ FLS. The possibility that p38 regulates NF-B has been examined in a few other systems with variable results. For instance, LPS-stimulated NF-B activation in RAW264.7 cells and cytokine-stimulated FLS was not inhibited by SB203580 (26, 27) . In contrast, p38 was required for NF-B p65 transactivation in murine L929 cells and murine embryonic fibroblasts (28, 29) . Our data strongly suggest that p38 or MKKs play a key role in NF-B-mediated DNA binding and IL-6 production in synoviocytes.
The function of MKK3 was then evaluated in the passive K͞BxN model of arthritis (30) . MKK3 deficiency profoundly decreased both the incidence and severity of arthritis. In particular, the increase in synovial p38 phosphorylation observed in the WT mice was completely prevented in the MKK3 Ϫ/Ϫ animals, as were MAPKAPK-2 phosphorylation and IL-6 and MMP-3 production. Early pathogenic events in the arthritis model are also modulated by MKK3. For instance, CXC ligand 1 expression in MKK3 Ϫ/Ϫ joints in the early stages of arthritis is significantly decreased and could suppress accumulation of neutrophils to the synovium. Perhaps even more important, expression of IL-1␤ was also suppressed in the MKK3 Ϫ/Ϫ mice.
The critical role of defective IL-1␤ production in early disease was proven by administering exogenous cytokine to MKK3 Ϫ/Ϫ mice, which restored arthritis to WT levels. Arthritis rapidly decreased after IL-1 treatment was discontinued, suggesting that cytokine replacement at the onset is not enough to establish chronic synovitis. Of interest, WT mice also had a small but persistent increase in arthritis severity.
In vivo studies confirm that MKK3 is not required for TLR4 responses. LPS administration to mice leads to a dramatic increase in IL-6 production, which was only slightly lower in the MKK3 Ϫ/Ϫ animals. Mice pretreated with SB203580 had a significant decrease in cytokine levels after LPS injection, indicating that p38 still participates in the model. These results contrast with the arthritis studies, where cytokine production decreased to normal levels in the absence of MKK3. Hence, MKK3 deficiency dramatically decreases cytokine production and clinical arthritis while having a minimal impact on in vivo responses to TLR4 stimulation. The role of p38 in TLR4 responses may be similar in humans, where administration of a p38 inhibitor blocks IL-6 and TNF-␣ production after LPS challenge in normal volunteers (31) . Although formal evaluation of host defense has not been performed, the fact that TLR4 signaling as well as IL-1-mediated events can remain intact with MKK3 deficiency compared with p38 blockade suggests an improved the safety profile of MKK3 inhibition compared with p38.
Our studies demonstrate that selective deficiency in MKK3 can suppress inflammation in an animal model of arthritis, in part through an IL-1␤-dependent mechanism in early disease. More striking, the mice retain the ability to respond to TLR4 ligation in a p38-dependent fashion. The mechanism of TLR4 responses is probably related to preservation of p38 responses through other MKKs in combination with preserved NF-B signaling. It is precisely this signaling diversity within the p38 pathway that provides an opportunity to block components of the p38 cascade that are implicated in pathogenic responses rather than host defense. These studies suggest that targeting upstream kinases such as MKK3 can offer a more selective approach to p38 inhibition than targeting p38 itself.
Materials and Methods FLS. Multiple FLS lines were derived from MKK3
Ϫ/Ϫ mice (22) and matched WT littermates on the C57BL͞6 background. FLS were grown in DMEM containing 10% FCS and used from passages three to four, during which time they are a homogeneous population of cells (Ͻ1% CD11b-positive, Ͻ1% phagocytic, and Ͻ1% Fc␥RII-positive) (32) . All cell cultures were synchronized in 0.1% FCS in DMEM for 24 h before stimulation and maintained in low serum conditions throughout the experiment.
Antibodies and Reagents. Anti-MKK3, anti-MKK6, anti-␤-actin, and secondary antibodies (Santa Cruz Biotechnology); antiphosho-p38 (Thr-180͞Tyr-182), anti-p38, anti-phospho-MAPKAPK-2, anti-phospho-JNK1͞2, anti-JNK1͞2, antiphospho-ERK1͞2, and anti-ERK1͞2 antibodies; GST-ATF-2 (Cell Signaling Technology, Beverly, MA); recombinant human TNF-␣ (rhTNF-␣); recombinant mouse IL-1␤ (R & D Systems); and SB203580 (Calbiochem) were used.
Western Blot Analysis. FLS were treated with medium, rhTNF-␣ (50 ng͞ml), or LPS (1 g͞ml) for 15 min. Protein was extracted and fractionated on 10% SDS͞PAGE, and then Western blotting was performed (14) . The densitometry analysis was done by using NIH IMAGE 1.61.
Immunoprecipitation and Kinase Assays. FLS were treated with medium or rhTNF-␣ for 15 min, lysed in modified RIPA buffer (50 mM HEPES, pH 7.4͞150 mM NaCl͞1% Triton X-100͞10% Fig. 5 . Effect of MKK3 on LPS-induced cytokines production in vivo. LPS (400 g per mouse) was injected i.p., and plasma was collected 3 h later. IL-6 was measured by ELISA. Note that LPS-induced IL-6 production was only modestly lower in MKK3 Ϫ/Ϫ mouse sera compared with WT. However, SB203580 (50 mg͞kg orally) inhibited IL-6 production in both genotypes. * , P Ͻ 0.05; ** , P Ͻ 0.01 compared with WT or LPS control (n ϭ 5).
glycerol͞2.5 mM MgCl 2 ͞1.0 mM EDTA, pH 8.0͞20 mM ␤-glycerophosphate͞10 mM NaF͞1 mM Na 2 VO 4 ͞10 g/ml aprotinin͞1 M pepstatin A͞1 mM PMSF), and incubated with anti-p38 mAb, followed by protein G-Sepharose overnight. The immunoprecipitates were washed and incubated with medium containing 5 Ci (1 Ci ϭ 37 GBq) of [␥-32 P]ATP, 100 mM ATP, and 4 g of GST-fusioned-ATF-2 at 37°C for 30 min. Reactions were fractionated on 12% SDS͞PAGE and visualized by autoradiography (14) .
Cell Transfection. For virus infection, FLS were treated with purified adenovirus IKK2 DN overnight at a multiplicity of infection of 5,000 as described in ref. 25 . Adenovirus encoding for ␤-gal (CMV-LacZ) was used as a control. For siRNA transfection, using a mouse embryonic fibroblast nucleofector kit (MEF2) with program T-20 (Amaxa, Gaithersburg, MD), FLS were transfected with 1 g of p38␣ siRNA or control siRNA (Dharmacon) (14) .
ELISA and mRNA Assay. FLS were treated with medium, rhTNF-␣ (50 ng͞ml), IL-1␤ (2 ng͞ml), or LPS (1 g͞ml) for 24 h. Supernatants were harvested and assayed for IL-6 protein by ELISA (R & D Systems). Total RNA was harvested to assay IL-1 and IL-6 mRNA expression. Quantitative real-time PCR was performed by using the GeneAmp 5700 sequence detection system (Applied Biosystems) as described in ref. 33 .
EMSA. FLS were treated with medium, rhTNF-␣ (50 ng͞ml), or LPS (1 g͞ml) for 60 min, and EMSA was performed by using the gel-shift assay system (Promega). Protein concentrationnormalized nuclear extracts were mixed with the purified ␥-32 Plabeled oligonucleotides, resolved by 5% PAGE, and visualized by autoradiography.
Passive K͞BxN Mice Serum Transfer Model of Arthritis. Recipient MKK3 Ϫ/Ϫ and matched WT mice were injected i.p. with 100 l of pooled adult K͞BxN mice serum on days 0 and 2. Arthritis was evaluated for each paw as described in ref. 34 . For tissue protein assays, snap-frozen ankle joints were homogenized in lysis buffer and assayed by ELISA or immunoblotting. In some cases, RNA was isolated, and quantitative real-time PCR was performed. The other hind paws were fixed in 10% formalin and decalcified in EDTA. A semiquantitative scoring system was used to assess synovial inflammation, extraarticular inflammation, erosion, and proteoglycan loss (34) .
Cytokine Levels in Endotoxic Shock. MKK3 Ϫ/Ϫ mice or matched WT mice (five animals per group) were injected i.p. with 400 g of Escherichia coli 0111:B4 LPS (Sigma) (35) . In some mice, SB203580 (50 mg͞kg) in 0.03 M HCl-0.5% tragacanth (Sigma) was orally administered 30 min before LPS injection. Plasma was collected 3 h later and assayed for IL-6 by ELISA.
Statistical Analysis. Data are expressed as mean Ϯ SEM. Comparisons were performed by Student's t test with Bonferroni's correction where appropriate.
This work was supported by grants from the National Institutes of Health.
